The importance of vitamin D for musculoskeletal health has long been recognized, and awareness of significant extra-skeletal effects in health and disease is rapidly emerging. Although it has been possible for many decades to quantify serum markers of vitamin D deficiency, and to correct deficiency at low cost and with high safety, the influence of vitamin D status on post-surgical outcomes has only recently been identified as a research topic of interest. To the present, these data have not been the subject matter of formal review. Accordingly, we conducted a systematic review to assess the association between perioperative vitamin D status and outcomes after surgery. The databases of PubMed, Ovid MEDLINE, EMBASE, AMED, CINAHL (EBSCOHost), The Cochrane Databases of Systematic Review, and PROSPERO were searched through December, 2014 for studies relating to vitamin D and surgery. The initial search yielded 90 manuscripts. After applying exclusion criteria, 31 studies were eligible for inclusion. Fifteen studies employed prospective observational designs, 3 used prospective randomized protocols, and 13 report retrospective database interrogations. The main finding of the present review is that 26 of 31 studies (84%) report at least one statistically significant worse outcome in patients with low vitamin D status. Five of 31 studies (16%) found no association. In conclusion, this review supports the hypothesis that hypovitaminosis D is associated with adverse outcomes after diverse surgical procedures. Future studies should focus on additional surgeries and outcomes, and on the role of vitamin D supplementation in the improvement of patient safety in participants with low vitamin D status at the time of surgery.
Introduction
Vitamin D, a fat soluble steroid hormone formed primarily by photosynthesis, plays a key role in over 300 metabolic pathways in humans through a specific nuclear-binding receptor, and mechanisms for signal transduction that are expressed in most cells and tissues [1, 2] . Although the importance of vitamin D for musculoskeletal health has long been known, awareness of significant extra-skeletal effects in health and disease is rapidly emerging [3, 4] . Deleterious effects of vitamin D deficiency on medical and surgical critical care outcomes have recently been reviewed, and striking improvements in intensive care mortality after vitamin D replacement therapy have been reported [5, 6] .
It has been possible for many decades to quantify serum markers of vitamin D deficiency, and to correct deficiency at low cost and with high safety, however, the influence of vitamin D status on post-surgical outcomes is less wellrecognized [3, 4] . Whereas critical care outcomes have generally been reported in a shared core of journals, postsurgical outcomes appear in diverse, specialty-oriented publications that may be less likely to cross-reference one another (see below). Vitamin D deficiency is defined by the Institute of Medicine (IOM) as a 25(OH)D of less than 20 ng/ml [3] . Vitamin D insufficiency is defined as a 25(OH)D of 21-29 ng/ml [3] . In keeping with these definitions, the estimated prevalence of vitamin D insufficiency is as high as 50 to 80% in the general population [4] . Children, young adults, middle-aged adults and elderly adults are at comparably high risk for vitamin D deficiency and insufficiency [4] . Accordingly, it is the aim of the present systematic review to gather and evaluate published data that correlates perioperative vitamin D status with post-surgical outcomes for analytical validity, clinical validity and clinical utility, and to identify research priorities with the potential to streamline their impact on public health and patient safety.
Methods

Inclusion criteria
A systematic review to detect published relationships in the peer-reviewed literature between serum vitamin D status and post-surgical outcomes was conducted. The study protocol was developed to ascertain both observational studies and controlled trials that compare one or more serum indices of vitamin D status with any adverse outcome after surgery. The primary inclusion criteria comprised measurement of serum 25-hydroxy vitamin D (25(OH)D) and/or 1,25-dihydroxyvitamin D (1,25(OH)2 D) in the interval spanning 12 weeks before to 12 weeks after any type surgery. This time frame was chosen in keeping with the stability and kinetics of serum 25(OH)D, the most widely used circulating vitamin D biomarker, over time [7] . Any measure of a postoperative outcome or complication was accepted. Outcomes directly related to the target tissue of surgery (e.g., surgical site infection), and those related to tissues other than the target tissue of surgery (e.g., hospital-acquired infection, in-hospital mortality) were incorporated into the search. Secondary outcomes were also reviewed. Adult and pediatric investigations with female and male participants of any age qualified for inclusion. The study protocol was developed to review both retrospective and observational prospective (cross-sectional, case-control and cohort) study designs, and interventional studies, both randomized and non-randomized, as long as serum vitamin D status was reported before and after treatment and surgery. Because the entire evidence database was required to address the aims of the review, studies were not excluded on the basis of their methodological quality or sample size. Publication dates were not restricted.
Exclusion criteria
Case reports, letters, stand-alone abstracts, narrative reviews, animal studies, duplicates, editorials and articles not available in full English translation were excluded. Investigations reporting only the prevalence of subthreshold values before surgery that were not tested for correlation to surgical outcomes were omitted, although citation to these references are frequently cited in the manuscripts reviewed herein. Studies that correlated preoperative vitamin D status with other pre-operative values and pathologies in the absence of post-operative outcomes, or that correlate vitamin D status with increased need for surgery independent of adverse postsurgical events, were similarly eliminated from review. Manuscripts describing the direct effects of surgery on serum vitamin D levels (e.g., vitamin D status as an outcome after renal transplantation and gastric surgery), and hypocalcemia after parathyroid and thyroid surgery (e.g., secondary hyperparathyroidism after renal transplantation) were not considered.
Search strategy
Potentially relevant articles were identified by a comprehensive search of the peer-reviewed literature in publicly available computerized databases. Electronic databases searched were: PubMed, Ovid MEDLINE, EMBASE, AMED, CINAHL (EBSCOHost), The Cochrane Databases of Systematic Review, and PROSPERO. The search was performed with the assistance of a librarian experienced in systematic reviews following PRISMA (Preferred Reporting Items for Systematic Reviews and MetaAnalyses) statement guidelines, a checklist and phase flow diagram constructed to enhance the quality of systematic reviews [8] . A structured search strategy for MEDLINE was based on a controlled vocabulary and relevant key terms configured for breadth to prioritize sensitivity. Manuscripts were identified using one, or a Boolean combination of two or more, of the following search terms: "vitamin D"; "25(OH)D (calcifediol)"; "25(OH)D (calcifediol) level"; "1,25-dihydroxyvitamin D3 (calcitriol)"; "1,25-dihydroxyvitamin D3 (calcitriol) level"; "surgery outcome"; "surgery complication"; "postoperative outcome"; "postoperative complication"; and diverse surgical procedures. These terms were then adapted for other databases. Initial search results were followed by targeted author searches to detect additional sources. References of included manuscripts and accompanying editorials, bibliographies of review articles, letters to editors and author responses to primary sources, and clinical trial registries were scanned for further citations. Included manuscripts were searched using the Related Articles feature in PubMed, Cited Reference Search in ISI Web of Science, and Cited By and Related Articles features of Google to identify further references. The title and abstract of each citation was reviewed by two independent reviewers, and potentially eligible articles were retrieved for scrutiny in full text. Discrepancies in eligibility between reviewers were resolved by consensus. The initial search was done from June, 2014 to December, 2014.
Data extraction
Standardized data extracted from each publication that met inclusion criteria consisted of: PubMed ID number; author listing; journal; year of publication; number and location of participating centers; participant number, gender, age, and type of surgery of the population sample; type of study and design; inclusion and exclusion criteria; date of vitamin D status testing vs. date of surgery; marker of vitamin D status that was measured; vitamin D analysis method; vitamin D status reporting and statistical analysis methods (i.e., as a categorical variable by threshold, quintiles, or as a continuous variable); specific primary and secondary outcomes sought; methods of scoring outcomes; time frame for scoring outcomes after surgery and the length of clinical follow up; presence or absence of power calculation for a primary outcome; methods of descriptive and inferential statistical analysis; presence or absence of at least one multivariate analysis; significant positive and negative correlations of perioperative vitamin D status and observed primary and secondary outcomes; effect size; and study strengths, weaknesses, and gaps. The extracted data was verified by a second reviewer to reduce errors and bias.
Results
The titles and abstracts of 90 manuscripts were found to potentially fulfill search criteria. After application of inclusion standards and full text review, 31 manuscripts remained for inclusion in 28 different journals (Figure 1) . Table 1 provides summary data of retrieved manuscripts grouped by the type of surgery and by the date of publication. Of 31 manuscripts meeting inclusion criteria, 15 used prospective observational designs, 3 applied prospective randomized protocols, and 13 report retrospective interrogations of databases. In aggregate, post-surgical outcomes were scored in 16, 195 individuals with study population sample sizes varying from 18 to 4,418 patients. The main finding of the present review is that 26 of 31 publications report at least one statistically significant correlation between low perioperative vitamin D status and at least one deleterious postoperative outcome. In most accounts, the clinical significance of low perioperative vitamin D status is substantial. For example, Ducloux et al.
observed an 8% increased risk of cancer after kidney transplantation for each 1 ng/mL decrease in serum 25(OH)D, and a 4-fold greater risk of cancer overall in patients with low vitamin D status [22] . Falkiewiscz et al. found an 8-fold greater risk of delayed renal graft failure with perioperative vitamin D deficiency [23] . Patients with preoperative serum 25(OH)D less than 30 ng/mL were at 3-to 4-fold greater risk for hospital-acquired and surgical site infections in data analyzed by Quraishi et al. [21] . Low vitamin D status in the near transplant interval predicts a 3-fold greater risk of moderate to high grade organ rejection and 5-fold greater mortality in the first year after pulmonary transplantation in patients investigated by Lowery et al. [28] .
Five publications observed no significant difference in the incidence of adverse outcomes between groups with lower and higher vitamin D status [11, 14, 15, 17, 34] . However, in none is it clear that no difference truly exists, or if design and conduct constraints preclude detection of a correlation. For example, Jansen et al. concede "missing data could be responsible for lack of power to show any significance at all". [15] . Similarly, Unnanuntana conclude "Considering that our definition of vitamin D deficiency was determined at higher serum levels than previously reported, this could potentially explain the apparent lack of association between vitamin D status and the attainment of functional milestones". [11] . In accounting for failure to observe an association between perioperative vitamin D concentrations and cardiac surgery outcomes in a retrospective analysis of an administrative database, Turan et al. suggest that outcomes after the cardiovascular procedures that they examined may be "overwhelmingly determined by other baseline and surgical factors" [34] . Sixteen manuscripts describe the lack of statistical significance of one or more associations between vitamin D status and a diversity of secondary outcomes. One report suggests a U-shaped relationship between serum 25(OH)D concentrations and adverse cardiovascular outcomes after cardiac surgery at levels above 40 ng/mL [35] . The correlation was later refuted in a follow-up investigation by the same investigators [36] . No other deleterious associations with high vitamin D status were disclosed.
Vitamin D status was first measured in the interval from 2 weeks before surgery to immediately after anesthetic induction in 22 studies. In 2 reports, vitamin D status was first tested up to 2 weeks after surgery [23, 33] . Vitamin D status was first determined in the interval from 2 weeks before to 12 weeks after surgery in 2 investigations [25, 26] . In 4 reports, vitamin D status was assessed in the interval from 12 weeks before surgery to 4 weeks after surgery [9, 21, 20, 34] . Lowery et al. examined vitamin D status in the interval from 12 weeks before to 12 weeks after surgery [28] . In 13 reports, 
Discussion
The aim of the present contribution is to provide a systematic review of investigations published in peerreviewed periodicals that compare risks for diverse post-surgical outcomes with perioperative measures of vitamin D status based on a search designed to include any surgery in both adult and pediatric patients. Surprisingly, no publications that satisfy inclusion criteria were published before 2008, although validated indices of vitamin D status and quantifiable measures of postoperative outcomes have been available for decades. The absence of earlier manuscripts most probably reflects failure of clinicians and investigators to recognize the potential for adverse, extra-skeletal consequences of low vitamin D status in acute care settings as a research question of interest. Correlation of vitamin D status with the risk and severity of over 130 chronic nonskeletal conditions including death due to cardiovascular disease, cancer and other causes is contentious [40, 41] . Compared to susceptibilities that may require decades to evolve, a first strength of reports incorporated in the present review is that adverse outcomes are linked in time to a surgical intervention that is shared between participants with lower and higher vitamin D status. A second strength is that medical and surgical records in the interval surrounding surgery are rich with objective data including physical examinations, laboratory values, past medical histories and the like, so that background variables including co-morbidities, inter-current medications, and body mass indices that influence markers of vitamin D status as well as surgical outcomes may be closely matched, and results that may arise from reverse causation otherwise controlled. A further strength is that evidence that is evenly divided between prospective and retrospective study designs points to shared observations. Statistically significant and clinically important correlations of adverse outcomes after surgery with low vitamin D status in 26 of 31 manuscripts suggest that vitamin D status is a predictor of extra-skeletal disorders for which predispositions may be diagnosed and deficiencies corrected prior to surgical procedures. In turn, publication of 5 reports that do not identify statistically significant correlations, and lack of statistical significance of one or more associations between vitamin D status and a diversity of secondary outcomes in 17 of 31 manuscripts, implies that positive publication bias alone is insufficient to account for an overall association.
Another surprising feature of the present review is the diversity, severity and magnitude of increased risks for detrimental outcomes that span suboptimal surgical outcomes to grievous postoperative complications including surgical site and hospital-acquired infections, graft failure, cancer, myocardial infarction, low cardiac output syndrome, stroke, ICU and hospital length of stay, and in-hospital and one-year mortality after surgery. While not the objective of the reviewed publications, virtually all inquiries confirm a very high prevalence of vitamin D deficiency at the time of surgery in view of 25(OH)D levels recommended by the Institute of Medicine (20 ng/mL) and The Endocrine Society (30 ng/mL) to maintain skeletal health [3, 42] . Several studies suggest that vitamin D status at the time of surgery is the most relevant predictor of long term outcomes compared to vitamin D status in days to weeks after surgery, and that minimal benefits can be gained by supplementation at the time of surgery or thereafter [24, 29] . Survey of publications summarized in Table 1 as a whole demonstrates that most patients arriving for surgery are malnourished, and reveals that the patient safety and public health consequences of malnutrition may be serious.
Inspection of Table 1 [45] . No threshold levels have been validated for extra-skeletal outcomes. Whereas minimal daily requirements and levels of vitamin D to avoid traits of musculoskeletal deficiency fall most reasonably in the range of 20 to 30 ng/mL, 25(OH)D concentrations necessary for optimal health, and 25(OH)D concentrations necessary for optimal health during recovery from surgery and critical care, are knowable but unknown [46] . Clearly, optimal levels of serum 25(OH)D that may differ between patients, surgeries and outcomes must be sought, validated and replicated. A key path toward resolution of thresholds with clinical validity will be to first correlate 25(OH)D as a continuous variable to outcomes of interest. Analysis and reporting of vitamin D status as a categorical variable may be considered as a supplement to analysis of 25(OH)D concentration as a continuous variable of potential use to frame relationships with collateral data sets and arbitrary definitions (e.g., "deficient", "inadequate", "sufficient", "normal"), but categorical variables must not be considered a substitute for more rigorous and comprehensive methods. Uniform descriptive and inferential statistical methods and reports appropriate for analysis of continuous variables will enable investigations to be compared with one another without loss of data that is inevitable when categorical variables above and below an arbitrary threshold are tested and described alone. High levels of clinical validity further rely on standardization of outcome definitions and measures as dependent variables within and between surgical specialties and sub-specialties coupled to standardized evaluation time frames.
Manuscripts included in the present review illustrate that superior experimental designs are required to disentangle potential correlations between perioperative vitamin D status and complications after surgery. Because testing for and correcting vitamin D deficiency is low in cost, safe and effective, inappropriate and inadequate designs, i.e., underpowered "pilot" studies, are a temptation to be avoided. Population sample sizes of the present data are often too small to permit ironclad conclusions on the basis of a single publication. Failure to perform a power analysis for a primary outcome in 26 of 31 reports is an error that must be avoided by investigators, and that must not be tolerated by funding agencies, editors, reviewers and readers. Interpretation of results between studies relies on explicit provision of inclusion and exclusion criteria, and matching of background variables that modify assays of vitamin D status and outcome measures. No investigation to the present has enrolled matched participants within no-surgery arms. Most studies are confined to a single center despite internationally standardized measures of vitamin D status and outcome specific measures. To circumvent bias, unmeasured cofounders and insufficient power, investigations directed to interrogation of administrative or other databases using propensity score matching must satisfy requirements that are often skirted [47] . Future prospective trial designs in which vitamin D status is manipulated in the perioperative interval must measure concentrations at baseline before surgery, and then administer vitamin D analogs guided by pre-set target concentrations rather than by fixed doses. Investigators should consider experimental designs that are a priori compliant with Newcastle-Ottawa Scale guidelines for observational studies, and with the Cochrane Risk Assessment Tool for randomized controlled trials in order that future evidence across studies for diverse outcomes may be meaningfully compared [48, 49] .
Defects in statistical methods and reporting are prevalent in the manuscripts of the present review. Investigators should target enrollment that satisfies normal distributions of both vitamin D status and outcome measures. When non-parametric inferential methods and data transformations are employed, publications should declare which assumptions for parametric analysis have been violated. If odds ratios and hazard ratios are reported, authors must make it simple for the reader to locate the number and proportion of patients with a given outcome that may have contributed to a statistically significant association, and provide confidence intervals to support comparisons with the present and future data of others. In articles of the present review, authors are inconsistent in using multivariate analyses to correct for confounders (e.g., age, gender, body mass index), and in correcting for multiple comparisons that encroach on available statistical power. Statistical methods that test for the relative effect sizes of multiple outcomes should be employed whenever appropriate [50] .
The present systematic review underscores the need for replication and extension of published results, as well as the need for future investigations of vitamin D status as a predictor of other outcomes after other types of surgery and anesthesia. For example, vitamin D deficiency increases the risk of cognitive decline and dementia in older adults, but the acute and chronic effects of low vitamin D status at the time of surgery on postoperative delirium, cognitive dysfunction, and the onset and progression of dementia after surgery are unknown [51, 52] . Enrollment of a much broader diversity of age groups from infancy to senescence, co-morbidities, and ethnicities together with cohorts matched for gender and gravidity is compelling in view of presently available data. Vitamin D synthetic and metabolic pathways are highly polymorphic. Shared serum levels of free 25(OH)D may therefore carry distinct health implications in populations with divergent pharmacokinetic and pharmacodynamic genetic backgrounds. To this end, addition of molecular biomarkers including genomics, epigenomics, and assays of expressed damage associated patterns (DAMPs) (e.g., by mass spectrometry of serum samples) to perioperative vitamin D protocols is clinically and scientifically warranted, and very likely to be informative in comparisons of extreme phenotypes e.g., of bottom vs. top quintiles of vitamin D status and specific outcomes [53] . Of note, hypovitaminosis D may itself be a marker for deficiencies of other vitamins, nutrients and co-factors in the perioperative interval, with consequences that may also have been overlooked after surgery. As knowledge of the effects of malnutrition at the time of surgery expands, submission and publication of welldesigned and conducted studies with negative results will be particularly crucial as a counterweight to positive publication bias.
While awaiting publication of data with greater breadth, depth and rigor, we propose that the contents of the present systematic review comprise a message of present day clinical relevance. There is no question that a large proportion of patients undergo surgery and anesthesia in developed and developing nations with moderate to profound levels of vitamin D deficiency. Publications collected and reviewed in the present contribution provide ample evidence that many patients are at substantially heightened risk for calamitous outcomes by virtue of their low vitamin D status at the time of surgery. Nevertheless, contemporary practice is not to test for, or to supplement, vitamin D concentrations before surgical procedures. We propose, to the contrary, that manuscripts reviewed here provide sufficient evidence to shift the burden of proof to those who believe that performing elective surgery on vitamin D deficient patients comports with the highest standards of patient safety and public health. Until such data is available, and in consideration of the low cost, safety and efficacy of supplementation of a nutrient (i.e., not a drug, foreign chemical, or blood product), we further propose that evidence is sufficient at present to support testing and supplementation to target levels as a practical default. We contend that learning whether it is safe to deviate far from ancestral levels of vitamin D in patients facing the trauma of surgery, and the demands of healing, is an overarching question, and that until this answer is in hand measurement and supplementation as indicated is preferred to the no-action approach of the status quo [54] .
We are aware of several limitations of the present systematic review. A first is the possibility that one or more publications may have eluded our scrutiny. A second limitation is that the heterogeneity of patients, surgeries, methods of measuring vitamin D status and postoperative outcomes, statistical inference and reporting precludes formal analysis of the quality of evidence across studies, and combination of the studies for meta-analysis at present [55] . A third limitation is that none of the manuscripts were configured to illuminate mechanisms of the interaction between perioperative vitamin D status and outcomes after surgery. In the absence of wellsettled mechanisms, close matching of preoperative health status and co-morbidities at the time of surgery, and observations made in phase with a specific surgical intervention, controls but does not fully eliminate the possibility that vitamin D status is a bystander or proxy for ill health and reverse causation. Randomized controlled trials are required to balance bias and unmeasured confounders, however evidence from the present manuscripts suggests that IRB approval of placebo-based protocols, and voluntary enrollment in placebo cohorts, may not be trivial undertakings if full disclosure of present data is furnished to candidate participants.
Conclusions
In conclusion, the present systematic review establishes that a large majority of prospective and retrospective investigations report that low perioperative vitamin D status is associated with a diversity of adverse outcomes after surgery with statistical significance and clinical importance. Taken individually, manuscripts included in the present contribution must be viewed with caution in light of methods that may over-estimate vitamin D status, that are confined to categorical analysis and reporting, and that may comprise heterogeneity that limits comparisons between studies. Taken together, manuscripts included in the present contribution provide evidence that an opportunity for substantial improvement in patient safety and public health is expedient. Practice improvements of comparable potential magnitude with negligible cost and exemplary safety and efficacy are rare, and raise deliberation of the ethical implications of choosing not to test for, and not to treat, low vitamin D status in advance of surgery.
